The present study was undertaken to determine whether the timing of sucrose meal feeding relative to periods of physical activity affects plasma triacylglycerol (TG) levels in rats. Animals were daily meal fed on a basal diet and a 35% sucrose diet for 10 weeks. Meal times were at 08.00-09.00 hr and 21.00-22.00hr. Voluntary running in wheels was allowed between 22.00-08.00hr, but was restricted from 08.00 to 22.00hr. The sucrose diet was given at the morning meal time to one group (M-S eaters) and at the evening meal time to another group (E-S eaters). The timing of the sucrose meal did not have any influence on consumption of either of the two diets, physical activity, weight gain, or the weight of several organs and tissues. Plasma TG, however, was significantly higher in the M-S eaters than in the E-S eaters. Lipoprotein lipase activity of several tissues was not affected by the timing of the sucrose meal. The Triton-induced increase in fasting plasma TG was significantly higher after the sucrose meal than after the basal meal regardless of the timing of the sucrose diet. The TG accumulation rate during the physically inactive period was significantly greater in the M-S eaters than in the E-S eaters, while during the physically active period it was equal in both groups. These results suggest that the effect of sucrose feeding on plasma TG may be conditioned by the timing of sucrose feeding and rats' physical activity.
Summary
The present study was undertaken to determine whether the timing of sucrose meal feeding relative to periods of physical activity affects plasma triacylglycerol (TG) levels in rats. Animals were daily meal fed on a basal diet and a 35% sucrose diet for 10 weeks. Meal times were at 08.00-09.00 hr and 21.00-22.00hr. Voluntary running in wheels was allowed between 22.00-08.00hr, but was restricted from 08.00 to 22.00hr. The sucrose diet was given at the morning meal time to one group (M-S eaters) and at the evening meal time to another group (E-S eaters). The timing of the sucrose meal did not have any influence on consumption of either of the two diets, physical activity, weight gain, or the weight of several organs and tissues. Plasma TG, however, was significantly higher in the M-S eaters than in the E-S eaters. Lipoprotein lipase activity of several tissues was not affected by the timing of the sucrose meal. The Triton-induced increase in fasting plasma TG was significantly higher after the sucrose meal than after the basal meal regardless of the timing of the sucrose diet. The TG accumulation rate during the physically inactive period was significantly greater in the M-S eaters than in the E-S eaters, while during the physically active period it was equal in both groups. These results suggest that the effect of sucrose feeding on plasma TG may be conditioned by the timing of sucrose feeding and rats' physical activity. Key Words physical activity, sucrose feed-timing, plasma TG, TG pro duction, lipoprotein lipase, rat Human beings generally work during the day and rest at night, and usually consume two or three meals a day. It is well known that feeding pattern and exercise influence the nutrition of men and animals. Several papers have reported on the nutritional effects of the timing of nutrient feeding in relation to physical activity (1 6) .
The present study was designed to investigate if any difference might occur in plasma TG levels in rats given a hyperlipemic nutrient, sucrose, with different timings relative to periods of physical activity. Romsos and Leveille (5) failed to produce significant results on the nutritional effect of meal-timing by using rats fed in the usual type of cage, this seeming to be due to the relatively small physical activity and low energy expenditure of rats. In this study, cages with revolving wheels were utilized to give rats a certain rhythm of physical activity and resting. Furthermore, two animal groups were alternately fed on a control diet and a sucrose-containing diet at different times of day.
The results show that the difference in the timing of sucrose feeding in relation to the absence or presence of physical activity after sucrose feeding alters plasma TG levels. This seems to be occurred through the effect of physical activity on he patic-intestinal TG production.
EXPERIMENTAL
The outline of the feeding schedules is shown in Fig. 1 . Two experiments were Feeding and experimental schedules for experiments 1 and 2. Twenty male rats (10 rats respectively for M-S eaters and E-S eaters; experiment 1) and 60 male rats (30 rats for each group; experiment 2) were individually housed in cages with revolving wheels. They were daily alternately meal-fed on a basal diet and a 35% sucrose diet for 10 weeks following 2 weeks of adaptation to meal-feeding on the basal diet twice a day. Voluntary running was allowed only between 22.00-08.00hr throughout the 12 weeks of the meal-feeding period. At the end of the feeding period, the rats were killed one hour before each meal time in experiment 1, or were intravenously injected with Triton WR-1339 at 05.00hr or at 18.00hr and then killed one or two hours after injection in experiment 2. Animals without Triton were killed at 05.00hr and at 18.00hr and used as controls in experiment 2. 
RESULTS

Experiment 1
Weight gain and voluntary running activity (Table 1) . During the 10 weeks of the experimental period, there was no significant difference in weight gain and J. Nutr. Sci. Vitaminol. 3 . Diurnal variation of body weight of rats at the 8th week of experiment with daily alternate meal-feeding on a basal diet and a 35% sucrose diet under controlled diurnal rhythm of voluntary running and resting (experiment 1). M-S eaters and E-S eaters consumed the sucrose diet at 08.00-09.00hr and at 21.00-22.00hr, re spectively, and the basal diet was provided at 21.00-22.00hr for M-S eaters and at 08.00-09.00hr for E-S eaters. Animals were allowed to voluntarily run in wheels only between 22.00-08.00hr. Measurements were done twice at three-day intervals in the 8th week of the experiment. Data obtained from separate measurements were combined, and values were expressed as differences from the body weight obtained at 08.00 hr on the 1st day of each measurement. Each point and vertical bar represents the mean and SE of 10 rats for each group, respectively. Table 3 . Weights of several organs, skeletal muscles and adipose tissues of rats after 10 weeks of daily alternate meal-feeding on a basal diet and a 35% sucrose diet under controlled diurnal rhythm of voluntary running and resting (experiment 1). See Fig, l and lengends to Table 1 . On the final day of the feeding period, each of 5 rats was killed at 07.00hr or at 20.00hr in both groups. There was no significant difference between the two time points in weight of organs and tissues within each group, and, therefore, values at the two time points were combined in every group. Tissue LPL activity (Table 5 ). LPL activity of heart, soleus muscle, liver and epididymal fat pads was not significantly different between the two time points for each group. No significant difference between the groups was found in either the value at each time point or the mean value over the two time points. In perirenal fat pads, LPL activity of M-S eaters was significantly lower at 05.00hr than at 18.00hr, and the activity at 18.00hr was significantly higher in M-S eaters than in E-S eaters. Epididymal adipose tissue showed similar responses to the two diets in LPL activity; in both groups, the activity was higher after the sucrose meal time than after the basal meal time. On the contrary, heart LPL activity was lower after the sucrose meal than after the basal meal. In the two experimental groups, no common change in the LPL activity of tissues due to physical activity was found. Among the tissues examined, mean LPL activity was higher in heart than in the adipose tissues, and low in the liver. Epididymal fat pads had a higher LPL activity than perirenal fat pads. Table 5 . LPL activity of heart, soleus muscle, liver and adipose tissues of rats after 10 weeks of daily alternate meal-feeding on a basal diet and a 35% sucrose diet under a controlled diurnal rhythm of voluntary running and resting (experiment 2). See Fig. 1 and legends to Table 1 . M-S eaters and E-S eaters were meal-fed and controlled in their voluntary exercise similarly to those of experiment 1. On the final day of the 10 weeks of the feeding period, each of 5 rats of both groups was killed at 05.00hr or at 18.00hr. Activity in the liver included hepatic TG lipase activity at the level of about 75%.
Values
are means•}SE, and the number of rats is shown in parentheses. a Significantly different from 18.00hr for M-S eaters (p<0.05).
DISCUSSION
Few studies have been conducted on rats by controlling not only the timing of sucrose feeding but also the daily rhythm of physical activity. As compared with our sucrose diet, higher sucrose-containing diets (65-75% sucrose) have been widely used. Such differences in feeding conditions make it difficult to strictly compare our results with those of previous workers.
In the present study, rats of both groups consumed more of the 35% sucrose diet than the basal diet regardless of the timing of the sucrose meal . Ad libitum-fed sedentary rats have been reported to consume high-sucrose diets more (25) or less (26) than isocaloric starch diets, or consume both diets equally (23 , 27) . This discrepancy is probably due to the isocaloric nature of the diets as well as to the level of dietary sucrose. In sedentary rats meal-fed during two hours of the early dark period, Gardner and Reiser have observed a greater intake of a 54% sucrose diet than an isocaloric starch diet (28) .
The protein level of the sucrose diet was lower than that of the basal diet in this study. However, in both experimental groups, almost equal amounts of protein were provided by the basal and sucrose diets; the total protein intake from the basal diet and the sucrose diet throughout the experimental period was 118g and 136g in M-S eaters and 125g and 131g in E-S eaters, respectively . This may indicate that rats consumed more sucrose diet than basal diet to maintain the protein require -Vol. 28, No. 3, 1982 ment. However, an increase in appetite with sucrose might be an another important reason why the sucrose diet showed a high rate of consumption by rats in this study. Percentages from sucrose in total energy intake exceeded our pre-estimation of 20%; in fact, they were equally 25-26% for both groups. Voluntary running exercise is known to increase the food consumption of rats (23, 29) . In this study, no difference was found between M-S eaters and E-S eaters in either the total consumption or individual consumptions of the two diets. This may be mostly due to equal voluntary activities of these groups.
As compared with ad libitum-fed and 24-hr freely exercised rats (7) , rats of this study showed a considerably higher physical activity during 6-10 weeks of age, despite receiving restriction of the exercise period. In agreement with present data, food restriction such as fasting (30, 31) , meal feeding for 2hr once a day (7, 32) , or 40-hr fasting after 8-hr feeding (22) has been reported to increase voluntary running activity of rats. However, Leveille and O'Hea (33) have reported in a longevity study that 2hr meal-fed rats exhibited a reduced voluntary running activity as compared with ad libitum-fed rats. Romsos and Leveille (5) have also observed that the spontaneous physical activity did not differ between meal-fed and ad libitum-fed rats housed in shoe-box cages on electronic activity meters. These disagreements might be derived from differences in the rats' cages, the method of activity measurement, age of rats, or other experimental conditions.
The running activity during the period of free access to wheels was very high after the 21.00-22.00hr meal and before the 08.00-09.00hr meal in both groups of this study. Such high activity during periods of pre and post-meal times has been reported in rats (7) and gerbils (34) . Ad libitum-fed rats have high voluntary activities during periods of frequent eating (7, 32, 35, 36) .
No influence on plasma total cholesterol levels of the timing of the sucrose meal was noted, but a significant effect on plasma TG levels was observed. In experiment 1 of this study, M-S eaters, as compared with E-S eaters, showed significantly higher plasma TG concentrations. This seemed to be due to lower plasma TG removal and/or higher TG production in M-S eaters than in E-S eaters. To study the peripheral removal of plasma TG, an attempt was made to measure the LPL activity of several tissues used in this study. Tissue LPL activity was not significantly different between M-S eaters and E-S eaters in both experiments 1 and 2. This seems to suggest the rate of peripheral removal of plasma TG being similar in both groups. However, as Delorme and Harris have mentioned in their article (37) , to evaluate the role of tissue LPL in the regulation of plasma TG, the functional and intracellular LPL must be separately measured, and the determination of the blood flow through each tissue is also needed. The assay system used here is unable to distinguish the functional from the intracellular LPL.
On the other hand, to determine the endogenous production of TG, Triton was utilized in the present study. Triton WR-1339 has been well established to inhibit by 90% the peripheral hydrolysis of VLDL-TG by LPL (38) . Therefore, TG accumu lation in the plasma after the Triton injection serves as a measure of the rate of production of VLDL-TG by the liver and intestine. As intestinal production contributes only 10-20% to total plasma TG (39, 40) , post-Triton VLDL-TG accumulation in the present study might mainly reflect hepatic VLDL-TG pro duction. In experiment 2 of this study, the Triton-induced increase in plasma TG between 18.00-20.00hr was significantly higher in M-S eaters than in E-S eaters, but that during 05.00-07.00hr did not differ between the groups. Consequently, the timing of sucrose feeding might affect the TG production rate rather than the TG removal rate. Increasing amounts of fatty acids in the perfusing medium have been observed to stimulate production of VLDL by the perfused rat liver (41) . Therefore, a relatively high plasma free fatty acid level in M-S eaters seems to support the increased production of TG in this group.
TG production by either M-S eaters or E-S eaters in the present experiment 2 was significantly higher at the period of post-absorption of the sucrose diet than at that of the basal diet. This seems to result from the fact that sucrose feeding stimulates secretion of VLDL-TG from the liver (42) and intestine (43) . Production of TG by E-S eaters was almost equal to that by M-S eaters during the exercise period (05.00-07.00hr), although during this time E-S eaters were in the state of post-absorption of the sucrose diet. The mechanism (s) which suppressed production of TG by E-S eaters during the period following the sucrose meal might be concerned with the hormonal control of TG production. The elevation of plasma insulin has been demonstrated by Reaven et al. (44) to increase TG production , and glucagon excess has been shown by Eaton (45) to inhibit apoprotein formation in the liver. On the other hand, Winder et al. (46) have observed lower TG production after single fructose feeding of treadmill-exercise trained rats as compared with sedentary controls. Simonelli and Eaton (20) have also reported that chronic voluntary exercise with wheels decreases Triton-induced TG production in the fasting state in either hyperlipemic obese or non-lipemic thin Zucker rats . The latter workers also observed a decreased plasma glucagon level in the obese rats and an increased plasma insulin level in the thin rats after chronic exercise . In the present study, the long-term effect of voluntary running exercise might be almost equal for the two groups. However, as reviewed by Terjung (47) , plasma insulin decreases and plasma glucagon increases during and after exercise. Thus, the observed sup pression of production of TG by E-S eaters during the physically active period following the sucrose diet might be caused by an exercise-induced reduction of the plasma insulin to glucagon ratio.
In the present study, although almost equal amounts of the sucrose diet were consumed by the two experimental groups of animals, E-S eaters lost significantly more weight than did M-S eaters during the fasting period following the sucrose meal. Thus, in E-S eaters, which had the option of voluntary running after the sucrose meal, the utility of sucrose might be greater for energy supply and lesser for lipogenesis as compared with M-S eaters. This might also relate to the different plasma TG levels observed between the groups. LPL activities in the heart, muscle and adipose tissue have been reported to be Vol. 28, No. 3, 1982 influenced by exercise (48) (49) (50) . In this study, however, the two groups showed almost equal running activity throughout the feeding period. This might result in a similar LPL activity in M-S eaters and E-S eaters. Observed differences in tissue LPL activity between the physically active and inactive periods might reflect more the influence of the nature of the preceding diet than the effect of physical activity.
In both animal groups of this study, the LPL activity of the two adipose tissues was significantly higher at the post-absorption period of the sucrose diet than at that of the basal diet. In contrast, cardiac LPL activity showed a reverse response of adipose tissue to the sucrose diet in both groups.
In conclusion, the present study has clearly demonstrated that the hyperlipemic effect of sucrose can be suppressed by feeding sucrose at a time which is followed by a physically active period.
We thought that this might be largely due to the suppressive effect of physical activity on hepatic-intestinal TG production.
In our experiments, no effect of tissue LPL activity on lowering sucrose-induced hyper lipemia was shown. It seems worth emphasizing that the timing of nutrient feeding and the rhythm of physical activity would be involved strongly in the regulation of lipid metabolism.
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